ABSTRACT HESS, GEORGE E. (Fort Detrick, Frederick, Md.). Effects of oxygell o01 aerosolized Serratia marcescens. Appl. Microbiol. 13:781-787. 1965.-Suspensions of Serratia marcescens (ATCC strain 14041) in water were aerosolized in a rotating drum in the presence of various concentrations of oxygen. The colony-forming ability of aerosolized organiisms was rapidly destroyed by contact with 0.25% or more oxygeni at 40% relative humidity (RH) and 25 C, but was almost unimpaired for at least 5 hr in nitrogeln colntaininlg Inot more than 10 ppm of oxygen. Completely hydrated organisms were insensitive to oxygen at pressures up to 100 psi for 4 hr. No loss in viability occurred in aerosols of washed cells in air at 97% RH. It is proposed that dehydrationl of the aerosolized cell results in sensitization to lethal effects of oxygen, but is not the primary cause of death. Mn+ , Co++, glycerol, and thiourea enhanced the biological stability of aerosols in air. Numerous similarities between the effects of oxygen in this system and in systems using freeze-dried or irradiated organisms or cell-free enzymes support the hypothesis that closely related mechanisms are involved. Dunklin and Puck (1948), observing that the death rate of airborne bacteria varies with relative humidity (RH), suggested that the sensitivity of microorganisms to toxic agents increased at a critical degree of cellular dehydration. Webb (1959) attributed lethal effects in the aerosol to collapse of protein structures upon dehydration and later stated that additives capable of replacing cellular water increased the survival of aerosolized bacteria (Webb, 1960) . Zimmerman (1962) , however, proposed that nonpermeable carbohydrates enhance stability through a plasmolytic dehydration of the organism.
Dunklin and Puck (1948) , observing that the death rate of airborne bacteria varies with relative humidity (RH), suggested that the sensitivity of microorganisms to toxic agents increased at a critical degree of cellular dehydration. Webb (1959) attributed lethal effects in the aerosol to collapse of protein structures upon dehydration and later stated that additives capable of replacing cellular water increased the survival of aerosolized bacteria (Webb, 1960) . Zimmerman (1962) , however, proposed that nonpermeable carbohydrates enhance stability through a plasmolytic dehydration of the organism.
The tacit assumption, in most of this work, has been that dehydration, per se, causes the death of the cell by disrupting vital structures, concentrating toxic material, or imbalancing metabolic activity. showed that the death rate of rehydrated Serratia marcescens is maximal at a water content of 33 % but remarked that effects of 02 on the death rate had not been determined (MIonk, McCaffrey, and Davis, 1957) . Studies of the effects of ascorbic acid on aerosolized S. marcescens in this laboratory suggested that interaction between the cells and atmospheric 02 might contribute to the death of the cells. Preliminary experiments indicated that when S. marcescens was aerosolized into air diluted with nitrogen, the death rate increased with 02 concentration. The work described here was undertaken to test the possibility that drying sensitizes organisms to lethal effects of 02 but is not the direct cause of death of aerosolized S. marcescens.
Another objective of this study was to elucidate the mechanisms resulting in the death of aerosolized organisms in order that means might be devised to minimize the damage. Eventually it became apparent that the effects of oxygen on aerosolized bacteria were similar, in mruny respects, to its effects on enzyme activity and on irradiated or freeze-dried organisms. Several additives were selected for the aerosols on the basis of their effects on these other systems, and the positive results obtained lend validity to this area of investigation. For example, Dickens (1946) showed that brain tissue respiration was inhibited by 02 and that MnII, Co+, and MIgII, in that order, decreased the extent of inhibition. He noted that pyruvate oxidase activity is enhanced by these ions and suggested that the primary effect in 02 poisoning of brain tissue may be the inhibition of this system. Gilbert et al. (1958) , however, reported that Co++ and Mn+ decreased the net formation of H202 in glutathione solutions exposed to high 02 pressures.
Thiourea was chosen as a candidate additive because of its protective effects on freeze-dried Escherichia coli exposed to 02 (Lion and Bergmann, 1961b) , although both thiourea and cysteine may protect against radiation-induced 781 on September 26, 2017 by guest http://aem.asm.org/ Downloaded from inactivation of E. coli through processes not involving 02 (Bridges, 1962) . Glycerol is a protective agent for cells exposed to irradiation (Dewey, 1962; Bridges, 1963) , and Dewey (1963) suggested that the compound may act as a free radical scavenger in irradiated S. marcescens. The effects of N-ethylmaleimide (NEM) on aerosol stability were studied in view of the interesting results obtained by Bridges (1961) and Dewey (1963) (Zimmerman, 1962 Although appreciable batch-to-batch variation in absolute viable-cell recovery levels was observed, a uniform data pattern was obtained in three sets of trials. This pattern is best illustrated by the data from one typical set of trials, which are presented below.
Aerosols were generated in a 86.6-liter stainlesssteel drum revolving at 5 rev/min (Goldberg et al. 1958 ). The RH was measured before and after aerosol dissemination with an electric hygrometer element (Hygrodynamics, Inc., Silver Spring, Md.) held at the center of the drum. The element was shielded from the aerosol except during the time required to take readings. When the atmosphere was to contain oxygen at a preselected concentration, the system was flushed for at least 30 min with gas of about the desired final composition. Toward the end of this period, either N2 or air was added until the oxygen analyzer (model 777, Beckman Instruments, Inc., Fullerton, Calif.) indicated the proper oxygen concentration. No difference in results was observed when tank oxygen or tank air (breathing quality) was substituted for the laboratory supply or when argon was substituted for nitrogen. The RH was adjusted during the final stages of this procedure by passing the gas through either Drierite or water until a RH 5% lower than the preselected value was attained. Addition of aerosol to the system changed both the RH and gas composition; therefore, final values were determined after the aerosol had equilibrated for 2 min. When oxygen-free conditions were sought, the apparatus was evacuated to about 10-2 torr with a two-stage vacuum pump. This pressure was maintained for at least 30 min; sufficient prepurified N2 (Matheson Co., Inc., East Rutherford, N.J.; maximal 02 concentration = 8 ppm) was added to bring the system to atmospheric pressure. Further purification of N2 with pyrogallol-KOH or Fieser's reagent (Fieser, 1924) was not acceptable, because of evolution of CO and H2S from the two solutions, respectively, both of which seriously affect the aerosol stability of S. marcescens (unpublished data). The pumping and filling procedure was repeated three times; finally, the N2 was passed through degassed water until the drum was filled with gas at a positive pressure of 2 cm of Hg and at the desired RH.
Aerosols were disseminated for 60 sec from a standard nebulizer (Vaponefrin Co., Edison, N.J.) with a flow rate of approximately 0.25 g of liquid in 5 liters of gas per minute at a driving pressure of 400 mm of Hg. The driving gas was either air or prepurified N2, depending on the desired final composition of the drum atmosphere. The atomizer was inserted into a large-bore stopcock attached to the drum axle, permitting its removal without admitting air to the system. In experiments requiring the absence of oxygen, the atomizer and cell suspension were degassed after insertion into the system. This procedure was shown to exert no effect on the aerosol characteristics in air, and, when eliminated from the technique, resulted in only a small decrease in stability in nitrogen. Aerosols were collected for 30 se-c in M.S.A. midget impingers (Mine Safety Appliances Co., Pittsburgh, Pa.) at a flow rate of 5 liters per minute. The collection fluid consisted of 5 ml of gel-saline with 0.001% Antifoam A (Dow Chemical Co., Midland, Mich.). The aerosol age was recorded as the interval between the midpoints of the dissemination and collection periods. 
RESULTS
Ratios between the numbers of viable S. marcescens and B. subtilis spores collected from aerosols stored in various concentrations of oxygen are shown in Fig. 1 . Maximal survival of S. marcescens occurred at the minimal oxygen concentration attained and at this point was nearly equivalent to spore suLrvival. As the oxygen concentration was increased, loss in viability increased, so that log N/No = k log P/P0 + C (Fig. 2) . All aerosols in this series were generated from suspensions of thoroughly washed S. marcescens free of added solutes. The tests were performed at 40% RH, because aerosols of this organism routinely yield minimal survival in air at this humidity.
Lethal effects were observed when 02 was added to aerosol originally disseminated into N2 (Fig. 3) at 40% RH (20 C), but only l0%c or less was lost at 97%c7, RH. Assuming that a similar relationship between water loss and RH holds for the aerosols described here, the major changes in water content occur between 40 and 97% RH in the aerosol. No decrease in viability occurred in air at 97 % RH, but significant losses were found at 40 % RH (Table 2) ; therefore, death of the organism is apparently related to a decrease in its water content. In fact, we found routinely that maximal aerosol instability of washed S. marcescens in air was achieved at 40% RH. In view of the similarities between the present work and certain effects of irradiation in other systems, it is interesting that Tallentire, Dickenson, and Collett (1963) found that -y-irradiated Bacillus megateriurm spores were inactivated at the maximal rate when in equilibrium with water vapor at a pressure corresponding to 40% RH. No significant decrease in viability occurred with cells aerosolized at 40 % RH in N2 containing not more than 10 ppm of 02, indicating that dehydration alone was not necessarily deleterious. Viability of aerosols in contact with more than 10 ppm of 02 showed a strong dependence on 02 concentration ( Fig. 1 and 2 ). This effect became larger as the storage period of the aerosol was extended, so that after 5 hr only 0.4% survival could be detected in the aerosols stored in air, but about 70% of the original viable population was recovered from N2 (Table 1) .
The sensitivity of aerosolized unwashed S. marcescens toward 02 was much greater than that of washed cells (Table 1) . We normally observed approximately 500 colonies per agar plate in assays of aerosol samples showing no decay in viability and diluted 1:10-4 in gel saline. No colonies were observed when samples of unwashed cells from 5-hr aerosols in air were plated without dilution. Each milliliter of collection fluid represented 0.5 liter of aerosol; therefore, the viable population densities of 5-hr aerosols in N2 were greater than those in air by a factor of about 106.
It seems probable that the increased sensitivity of the unwashed cells is related to their higher rate of metabolism. This would be consistent with our earlier observation described by Goodlow and Leonard (1961) that minimal survival in air is obtained with rapidly metabolizing S. marcescens. Gerschman et al. (1954) noted that decreased metabolism helped protect against 02 poisoning, and concluded that increased metabolism might result in an increased production of free radicals. They thought it not surprising that variations in oxygen toxicity with metabolic activity have been found.
The mechanism resulting in death of aerosolized organisms is not known, but if comparisons with other systems may be made, a number of possibilities seem plausible. Stadie, Riggs, and Haugaard (1944) suggested that 02 at ordinary pressures acts as an oxidizing agent to produce enzymatic inhibitions. A toxic action of 02 on pyruvate oxidation has been observed by Barron (1936) and by Haugaard, Hess, and Itskovitz (1957) . We were unable to demonstrate changes in pyruvate oxidase activity as a result of exposure of aerosolized cells to 02, however. At the same time, we could not demonstrate loss of viable cells upon aerosolization at 97% RH or upon exposure to 02 at elevated pressures in a completely hydrated system.
The stabilizing qualities of several aerosol additives, particularly Mn+, glycerol, and thiourea (Table 2) , encourage a comparison with irradiation studies, since these same three substances are effective protective agents against irradiation damage. Lethal effects of 02 on irradiated organisms have been described by Hollaender, Stapleton, and Martin (1951) and by Tallentire (1958) . Powers, Webb, and Ehret (1960) suggested that reactions between free radicals and 02 in irradiated dry spores resulted in toxicity. Similarly, the sensitization induced by NEM during irradiation (Bridges, 1961) or during aerosolization in the absence of 02 and the partial inhibition of the effect of NEM by 02 in both systems is provocative. Bridges (1961) suggested that NEM might react across its double bond with a short-lived reactive molecule containing a carbon-free radical center.
Data indicating that exposure of lyophilized S. marcescens to 02 induces effects similar to those in aerosols have been obtained in this laboratory and are being prepared for publication. Contact between 02 and freeze-dried E. coli results in the death of the cells (Lion and Bergmann, 1961a ) and the formation of free radicals (Lion, Kirby-Smith, and Randolph, 1961; Dimmick, Heckly, and Hollis, 1961) . No method has been found whereby sufficient quantities of aerosolized organisms may be collected after defined conditions of contact with 02 for free radical determinations. Lion and Avi-Dor (1963) showed that reduced nicotinamide adenine dinucleotide (NADH2) oxidase activity is inhibited in freeze-dried E. coli after exposure to 02. 
